We report on a large 44 GHz (7 0 − 6 1 A + ) methanol (CH 3 OH) maser survey of the Galactic Center (GC). The Karl G. Jansky Very Large Array was used to search for CH 3 OH maser emission covering a large fraction of the region around Sgr A. In 25 pointings, over 300 CH 3 OH maser sources (> 10σ) were detected. The majority of the maser sources have a single peak emission spectrum with line of sight velocities that range from about −13 km s −1 to 72 km s −1 . Most maser sources were found to have velocities around 35−55 km s −1 , closely following velocities of neighboring interacting molecular clouds. The full width half maximum of each individual spectral feature is very narrow (∼0.85 km s −1 on average). In the north, where Sgr A East is known to be interacting with the 50 km s −1 molecular cloud, more than 100 44 GHz CH 3 OH masers were detected. In addition, three other distinct concentrations of masers were found, which appear to be located closer to the interior of the interacting molecular clouds. Possibly a subset of masers are associated with star formation, although conclusive evidence is lacking.
INTRODUCTION
Astronomical masers form under specific physical conditions and are useful to trace different environments in the interstellar medium (ISM). Interstellar masers are often found in environments such as star forming regions (SFRs) and supernova remnants (SNRs). For example, a detection of a collisionally pumped 1720 MHz hydroxyl (OH) maser has traditionally been used as a tracer of shocked regions produced by the interaction of a SNR with a neighboring molecular cloud (MC) (e.g., Clausssen et al. 1997; Frail & Mitchell 1998; Yusef-Zadeh et al. 2003) . Another example are the radiatively pumped Class II methanol (CH 3 OH) masers lines, which are typically found near young massive stars. In addition, collisionally pumped Class I CH 3 OH masers are typically found associated with SNRs and outflows in SFRs (e.g., Beuther et al. 2002; Voronkov et al. 2006; Cyganowski et al. 2009; Fontani et al. 2010; Sjouwerman et al. 2010; Pihlström et al. 2014; Sanna et al. 2015) . Similar to the 1720 MHz OH masers, the Class I 36 and 44 GHz CH 3 OH maser transitions have also been detected near shocked regions where SNRs are known to be interacting with MCs (e.g., Sjouwerman et al. 2010; Pihlström et al. 2011 Pihlström et al. , 2014 .
Recent modeling of Class I CH 3 OH masers in a SNR environment shows that optimal masing conditions for the 44 GHz transition are temperatures ≥ 50 K and densities between 10 4 − 10 6 cm −3 . Similar temperatures but slightly higher densities in the range of 10 5 − 10 7 cm −3
are the optimal masing conditions for the 36 GHz transition (McEwen et al. 2014; Nesterenok 2016) . Because of the large overlap in conditions, these transitions can be found co-spatially, but brighter 36 GHz CH 3 OH masers are expected to trace higher density regions (e.g., near the actual shock front in SNR/MC interaction regions). This has been supported by observations of bright 36 GHz CH 3 OH masers lining a known shock front in Sgr A East (Sjouwerman et al. 2010; Pihlström et al. 2011) . The Sgr A East SNR is located within the inner 12 pc of our complex Galactic Center (GC) and is known to be interacting with two different giant MCs, M−0.02−0.07 (a.k.a. the 50 km s −1 cloud) and M−0.13−0.08 (a.k.a. the 20 km s −1 cloud) (e.g., Mezger et al. 1989; Coil & Ho 2000; Amo-Baladrón et al. 2011) . The details of gas transportation in and around the GC are not well understood but different molecular line observations help uncover interaction regions between different environments. For example, the 50 and 20 km s −1 clouds seem to be connected through a 'Molecular Ridge', as suggested by an extensive NH 3 study from Coil & Ho (2000) , as well as from single dish 36 GHz CH 3 OH observations (Szczepanski et al. 1991) . In addition, observations by McGary et al. (2001) suggest possible connections between the MCs and the Circumnuclear Disk (CND) via streamers. From NH 3 observations by Coil & Ho (2000) it was deduced that, along the line of sight, Sgr A East is pushing this 50 km s −1 MC eastward and away from us (behind), whereas it also expands into the southern 20 km s −1 MC at the same time. The southern region of Sgr A East is also interacting with the SNR G359−0.09 (Coil & Ho 2000; Sjouwerman et al. 2008) .
These interactions between Sgr A East and its surrounding environment produce collisionally compressed regions of gas some of which are found associated with Class I 36 and 44 GHz CH 3 OH, as well as collisionally pumped 1720 MHz OH maser emission (e.g., YusefZadeh et al. 1996; Sjouwerman et al. 2010; Pihlström et al. 2011) . It is often speculated that supersonic motions from expanding SNRs may trigger star formation (SF) in neighboring MCs (e.g., Reynoso & Mangum 2001; Cichowolski et al. 2014) . Details of the triggering process and what conditions are necessary have never been clearly outlined or confirmed, partly due to the complexity of the regions in the inner Galaxy and the present lack of star forming regions detected in the GC. Different stages of SF can be traced with detections of various maser species, for example, 6.7 GHz, as well as the 44 GHz CH 3 OH maser line have been found closely associated with HII regions, outflows, and H 2 O masers (typical tracers of SF) (e.g., Kurtz et al. 2004; Moscadelli et al. 2007; Sanna et al. 2010) . It is not clear whether Class I CH 3 OH masers trace a specific evolutionary stage of SF. Therefore, the detection of maser lines near these regions (such as bright Class I CH 3 OH or 22 GHz H 2 O lines) may unveil new sites of, and conditions necessary for SF activity in the GC. In addition, the proper understanding of the physical conditions in these regions may also be important for cosmic ray modeling (e.g., Drury et al. 1994; Abdo et al. 2010; Cristofari et al. 2013) .
Combining maser observations of SNRs and their surrounding environments along with modeling of conditions necessary for the formation of CH 3 OH masers in SNRs, physical conditions of the gas where CH 3 OH is detected can be constrained (McEwen et al. 2014) . In this context, by studying the distribution of different maser transitions near Sgr A East, we aim to investigate the presence of distinct gas motions in the GC, as well as possibly uncover new sites of star formation. In this study, we report on an extensive 44 GHz CH 3 OH maser emission survey of Sgr A East and its surrounding environment taken with the Very Large Array (VLA). A 36 GHz CH 3 OH maser survey towards the same region along with a full analysis of the combined 36 and 44 GHz maser detections will be reported on in a future publication.
44 GHz VLA OBSERVATIONS AND CALIBRATION
We are reporting on the results from Q-band VLA observations (project code S3115) of the SNR Sgr A East and its surrounding environment. The Q-band B configuration observations were taken on April 20 and 23, 2011 to observe the J = 7 0 → 6 1 A + rotational transition of CH 3 OH at the rest frequency of 44.069 GHz. with a resolution of about 0.4 km s −1 . Sgr A*, located in pointing A00, was used for phase calibration and 3C286 was used as a flux and bandpass calibrator. The total on source time for each pointing including both days of observation was about 8 minutes. Each pointing was individually imaged with 2048×2048 pixels of 0.036 for the central 250 channels (−23.2 to 82.7 km s −1 ). Typical noise rms values were around 2.9 mJy beam −1 per channel.
The data were reduced, calibrated, and imaged using standard procedures in NRAO's Astronomical Image Processing System (AIPS) pertaining to spectral line data. Fields with bright maser sources (> 1 Jy beam −1 ) were self-calibrated in order to improve the dynamic range of the final maps, and to minimize the number of false detections due to side-lobes. The peak flux densities were also corrected for primary beam attenuation using the AIPS task PBCOR.
RESULTS

Identification Method
Sgr A East is located in a complex and chemically rich environment and many Class I CH 3 OH masers have been previously detected towards various regions near this SNR (Yusef-Zadeh et al. 2008; Sjouwerman et al. 2010; Pihlström et al. 2011; Yusef-Zadeh et al. 2013) . In order to search each pointing efficiently, an automated search method using a variety of AIPS tasks was developed to identify maser candidates with flux densities exceeding 10 times the rms noise. These candidates were then sorted according to a confidence in the detection, which depended on the size of the emission region and its signal to noise ratio. The highest ranked candidates were then manually inspected to determine if each was actual emission. Spectral profiles (flux density versus velocity) were produced for the brightest pixel in each region (Fig. 7) .
3.2. Maser Identification A total of 318 100% confident 44 GHz CH 3 OH emission regions were found in the 25 pointings. All exceeded a 10σ rms noise limit. The spectral parameters of each emission region are presented in Table 1 . The coordinates of each source can be found in Columns 3 and 4 (with an estimated positional accuracy of ∼ 0.5 ), which correspond to the peak brightness, I peak of each emission region (Column 5). Figure 2 shows a histogram of the distribution of the peak flux density values of the maser emission the majority of which are 0.8 Jy beam −1 . The emission was detected across almost the entire region observed with some regions of high concentration. A large abundance of maser emission was detected toward the NE and to the SW, as well as a small amount encompassing the SNR. The maser emission extends to the east about 2 (4.6 pc) from the NE boundary of the SNR shell and about 5 15 (12.1 pc) to the south of the SW boundary of the SNR shell. The majority of emission is unresolved and the brightness temperatures, T b , listed in Column 8, are lower limits calculated using the half power beam width of the VLA in B configuration. The minimum brightness temperatures range from 19 × 10 2 to 52 × 10 4 K. The 44 GHz CH 3 OH masers in this study that have previously detected counterparts are indicated in Table 1 with [R] .
The peak velocities vary across the region observed, ranging from about −13 to 72 km s −1 and are listed in Column 6. Figure 3 shows two simple histograms of the velocity of maser emission in the NE and SW regions observed separated by a declination of −29 o 02 30 (between rows E and F in Fig. 1 ). The color scheme in Fig. 3 represents the different velocities of the emission. The full width half maximum (FWHM) of the brightest peak is listed in Column 7 and was estimated from the number of channels at half I peak with an error of half of a channel (±0.2 km s −1 ). A gaussian fit was inaccurate to estimate the FWHM because most to the peaks are only a couple channels wide. Instead, we used the number of channels at half peak to approximate an upper limit to the FWHM for each peak. The FWHM of each emission peak listed in Table 1 is narrow ranging from about 0.4 to 3.0 km s −1 (1 to 7 channels). These line-widths have similar values to previously detected 44 and 36 GHz CH 3 OH masers in Sgr A East and other SNRs (Sjouwerman et al. 2010; Pihlström et al. 2011) . The estimated thermal linewidth using the lowest calculated T b (1,900 K) is about 1.6 km s −1 . Two sources (119 and 160) have measured FWHMs close to the thermal linewidth. A gaussian was fit to the spectral profiles of these two sources but the errors in the fits were large, therefore we conclude that 119 and 160 are not thermal sources. The measured FWHM of the remaining emission regions are less than the calculated thermal line-width for their minimum T b , therefore we conclude that all the peaks listed in Table 1 are maser emission and non-thermal in nature. Although the majority of masers detected were found to be single peaks of emission, as can be seen in Fig. 7 , some of the spectra show multiple spectral peaks at a single position (∼%27). The sources in Table 1 that are noted with a [M] indicate the sources that display multiple spectral features detected at the same position, some with complicated and broad structure in their spectral profiles. Some of the multiple peak features may imply that we are observing partly unresolved structures within the VLA beam. The emission regions with multiple peaks cover the entire region observed but are mostly concentrated in pointings BB and BC to the NE and EI and EG to the SW. Given the sensitivity of the VLA and the beam size in B-configuration, our observations may not be sensitive to thermal or extended sources below 4σ corresponding to a brightness temperature less than ∼370 K. (Yusef-Zadeh et al. 1996; Sjouwerman et al. 2002; Yusef-Zadeh et al. 2008; Sjouwerman et al. 2010; Pihlström et al. 2011; YusefZadeh et al. 2013) . The distribution trends of all these maser species in a few regions will be briefly discussed. Figure 4 shows the positions of the 44 GHz CH 3 OH maser sources (crosses) detected from this survey within the observed region indicated by the black dashed line, overlaid on a 1720 MHz continuum image. Previously detected 36 GHz (circles) and 44 GHz (triangles) CH 3 OH, 1720 MHz OH (squares), and 22 GHz H 2 O (plus signs) The most noteworthy result from this survey is the large number of CH 3 OH masers detected within the inner parsecs of our GC. The CH 3 OH maser emission detected in other Galactic SNRs interacting with MCs pales in comparison to Sgr A East. For example, in a targeted search towards the SNR W28, few 36 and 44 GHz CH 3 OH masers were found. Towards the SNR G1.4−0.1, which is interacting with at least 2 MCs, only 36 GHz CH 3 OH maser emission was detected, and none at 44 GHz . It is widely accepted that CH 3 OH forms on the surface of icy dust grains and then is released into the gas-phase via some heating mechanism, for example, through UV radiation, shocks from cloud-cloud interactions, SNR-cloud interactions, by expanding HII regions, and by young and old stellar outflows (e.g., Garrod 2008; Whittet et al. 2011; Gómez-Ruiz et al. 2016; Yusef-Zadeh et al. 2013 ). This enhancement of CH 3 OH detected near Sgr A East may not be surprising because the GC is extremely chemically rich and subject to shocks. In addition, the enhancement of CH 3 OH may be driven by cosmic ray irradiation, more so than in other regions of the Galaxy where the cosmic ray ionization rate is lower (Yusef-Zadeh et al. 2013; Pihlström et al. 2014; Mills et al. 2015) .
DISCUSSION
Various regions in the Sgr
CH 3 OH Maser Distribution
NE Region
A high concentration of masers is found in the NE region of Sgr A East, where this SNR is interacting with the 50 km s −1 MC and borders the radio continuum shell of Sgr A East, as can be seen in Fig. 5 (zoom of the red, boxed region in Fig. 4) . The vast majority of the 44 GHz masers in this clump are found to have velocities similar to that of the MC, around 50 km s −1 or less (red and yellow symbols). Many of these masers are coincident with a known shock front (Pihlström et al. 2011 ) and they seem to follow a sharp boundary along the edge of the SNR radio continuum emission, outlined by the black rectangle in Fig. 5 . The brightest 44 GHz CH 3 OH masers detected in this region, with I peak between 5.87 and 16.16 Jy beam −1 , are significantly weaker than the brightest 36 GHz CH 3 OH masers detected in the same region. The lowest flux density ratios between these two maser species in this region is ∼5. Based on modeling results from McEwen et al. (2014) , this implies a high density region (n > 10 6 cm −3 ). In addition, the high concentration of masers in this region is spatially coincident with strong SiO (2 − 1) emission (between 20 and 50 km s −1 ), as can be seen in Yusef-Zadeh et al. (2013) , which is also indicative of high density shocked gas. Very few masers are detected to the west (right) of this boundary, which is in agreement with what was seen by Pihlström et al. (2011) . This means that the physical conditions to the west of the shock front are not conducive for CH 3 OH maser emission. It is possible that there may be a lower abundance of CH 3 OH in this region, due to UV photodissociation of the CH 3 OH molecule as was speculated by Yusef-Zadeh et al. (2013) .
The collisionally excited 1720 MHz OH masers form under similar physical conditions compared to Class I CH 3 OH, but are found offset from the CH 3 OH maser positions. This means they are most likely formed in different regions in the shocked gas Pihlström et al. 2014; McEwen et al. 2014) . The majority of the 44 GHz masers in the NE region have slightly lower velocity spread compared to the OH masers, which have an average of ∼ 57 km s −1 , and are located just to the SW of the group of 44 GHz CH 3 OH masers (in the rectangle region). This implies that the OH masers are located in a region of the shock that is more turbulent and disturbed, namely in the post shocked gas. This strengthens the same conclusion that was drawn based on previous but more sparse observations of a CH 3 OH maser survey by Pihlström et al. (2011) and reinforces the idea that bright 36 GHz CH 3 OH masers coincident with weaker 44 GHz CH 3 OH masers detected in a SNR/MC interaction region trace a region closer to the actual shock front compared to OH maser emission. Just to the east of this front, there appears to be another cluster of 44 GHz CH 3 OH maser emission forming a dense ridge, outlined by the black circle in Fig. 5 . Given the distance to the GC of 8.5 kpc, this ridge is about 1.2 pc to the east of the shock front. As suggested by McEwen et al. (2014) , these masers may be associated with a possible newly detected young SNR embedded in the 50 km s −1 MC. In this region, Tsuboi et al. (2011 Tsuboi et al. ( , 2012 ) detected a dense shocked molecular shell region based on CS (J= 1 − 0) observations and high SiO/H 13 CO + ratios. The SiO emission ranges from about 15 to 45 km s −1 , which agrees with the velocity of the masers. Alternatively, they could be excited by an internal shock in the core of the cloud generated by star formation (SF).
SW Region
Two distinct concentrations of masers are found to the SW of Sgr A East, where this SNR is interacting with the 20 km s −1 MC (Fig. 6) . Here, the vast majority of the 44 GHz masers have velocities that range from 5 to 15 km s −1 (blue symbols). However, in the northern cluster (outlined by the black square in Fig. 6 ) several masers are found to have velocities similar to that of the MC, closer to 20 km s −1 (pink and green symbols) and outline a known non-thermal filament in this region (SgrA-F) (Ho et al. 1985) . In the southern cluster (outlined by the black circle) several masers have velocities less than 5 km s −1 (black symbols), indicating a different origin. The masers in the southern cluster form a rough circle centered around a declination of −29 o 05 55 and is located about 10 to the SW of a known HII region (SgrA-G, 17h 45m 38.21s −29 o 05 45.5 ) (Ho et al. 1985) . These two distinct clusters can also be seen in SiO (2-1) with comparable velocities around 20 km s −1 (northern) and 0 km s −1 (southern), in good agreement with the velocities of other masers in these regions (Tsuboi et al. 2011) . The majority of the 36 GHz masers previously detected are around 17 km s −1 (northern cluster) and around 0 km s −1
(southern cluster). Given the distance of 8.5 kpc to the GC, the separation between these two clumps is about 5.8 pc. The scale of both of these clusters is roughly the same, ∼ 1.6 pc, which is about double the size of a typical compact HII region (Kurtz 2005) . No 1720 MHz OH masers are detected near these two clusters.
4.2. Possible Star Formation Near Sgr A East Observationally, 44 GHz CH 3 OH lines are found to be more common and brighter near SF regions compared to the 36 GHz line, although both transitions have been found co-located (e.g., Voronkov et al. 2014 ). It is not clear whether the Class I CH 3 OH maser traces a specific evolutionary stage of SF. Voronkov et al. (2014) suggest that Class I CH 3 OH masers may be found at multiple epochs throughout the evolution of a massive star. They find Class I CH 3 OH masers near regions with other maser sources that trace early evolutionary stages (e.g., 6.67 GHz CH 3 OH), as well as older stages (e.g., OH). Another possibility may be that Class I CH 3 OH masers arise from/in different types of shocks in SF regions, including young and old outflows, cloud/cloud collisions, and expanding HII regions (Gómez-Ruiz et al. 2016) . McEwen et al. (2014) show that in a SNR environment (low dust temperature and IR radiation), given a specific CH 3 OH abundance, the 36 GHz maser line dominates at higher number densities and the 44 GHz line at lower densities. These transitions are both collisionally pumped lines, but at lower densities where the 44 GHz line dominates, it is possible that IR pumping may play an important role. If so, it could help explain why the Class I 44 GHz line is more common in SF regions, where IR radiation and dust emission are more prevalent. In fact, modeling by Nesterenok (2016) shows that strong radiation fields can quench other collisionally pumped Class I CH 3 OH lines (e.g., the 25 GHz line), while the radiatively pumped Class II lines (e.g., the 6.7 GHz line) become brighter. However, it is also found that both Class I and Class II masers can be bright and exist in the same region with high IR radiation fields. The modeling work carried out by Nesterenok (2016) did not extend to the 36 and 44 GHz lines. Using the online radiative transfer modeling program (RADEX, van der Tak et al. 2007) , taking into account a strong external radiation field (100K) appropriate for SF regions, we indeed find conditions where the 44 GHz and 36 GHz lines simultaneously exist. We also find conditions where the 44 GHz line dominates over the 36 GHz line (e.g., high temperatures ∼200 K and densities ∼10 4 cm −3 ). This supports the idea that strong IR radiation fields could influence the production of Class I CH 3 OH lines.
Based on our VLA observations, three regions that are offset from the radio SNR shell can be identified, which will be discussed for possible star formation association. One region is to the NE of the SNR, seemingly located towards interior of the 50 km s −1 MC, Fig. 5 . The other two are to the SW of the SNR near the southern cluster of masers labeled in Fig. 6 .
Region one: Towards the far NE region outlined by the black square in Fig. 5 , there are three recently detected 36 GHz CH 3 OH masers (Yusef-Zadeh et al. 2013) . These masers are located more towards the interior of the 50 km s −1 MC. Two of the masers are spatially coincident with a few 44 GHz masers with similar velocities. In addition, these masers have slightly lower velocities compared to those towards the edge of the Sgr A East shell to the west. Despite searches, radio continuum and H 2 O masers have not been detected in this NE region, which are often signposts of HII regions.
Region two: In the SW region (Fig. 6 ) towards the core of the 20 km s −1 MC interaction, there is a known HII region (SgrA-G) just to the NW of the the southern cluster where H 2 O masers are detected (Sjouwerman et al. 2002) that have similar velocities to the CH 3 OH masers. The fact that there are both H 2 O masers and 44 GHz CH 3 OH masers in this region suggest possible star formation. It is probable that some of the CH 3 OH masers closer to the HII region are tracing outflows or shocks produced from the expanding HII region.
Region three: In the SW southern cluster (Fig. 6 ), the circular distribution nature of the CH 3 OH masers could mean that they are tracing outflows from an undetected SF region (Fig. 6 ). In addition, no 1720 MHz OH maser emission has been detected in this region, which would be consistent with an early stage of SF. Additional observations of other SF tracers, will hopefully shed light on the properties of this region. Note that the four known compact HII regions (A-D; Ho et al. 1985 ) located just to the east of the region outlined by the black rectangle in Fig. 5 are located in the foreground and therefore are not related to the shock front of Sgr A East . Although spatially coincident, the few 44 GHz CH 3 OH masers and one H 2 O maser are not associated with these HII regions.
CONCLUSIONS
Over 300 masers were detected in the Sgr A East region at 44 GHz. The majority of the maser emission is found to be associated with the interaction of the SNR with the neighboring MCs to the NE and SW of the SNR. We summarize the results of this survey in three main points: first, the distribution and abundance of 44 GHz CH 3 OH masers is very different compared to the 1720 MHz OH masers. The 44 GHz CH 3 OH masers are much more abundant than OH and are not found co-spatial with the 1720 MHz OH masers, which suggests they are sustained in different regions of the shocked environment. Second, the brightest 44 GHz CH 3 OH masers detected in this study are significantly weaker compared to the brightest 36 GHz CH 3 OH masers detected in the same region, located in the NE shocked region of Sgr A East, which indicates a high density. Third, it is possible that some of the masers are tracing sites of star formation, although conclusive evidence does not exist at this time. A more complete survey of 36 GHz maser emission is underway, and will be used to complete a full analysis of this region.
We thank NASA for support under FERMI grant NNX12AO77G. B.C.M. acknowledges support from the NM Space Grant Consortium under the Graduate Research Fellowship program. The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc. Figure 7 . Example 44 GHz CH 3 OH maser spectral profiles as a function of LSR line of sight velocity. The bottom row is a fixed scale zoom on the spectral baseline to more predominately show the rms noise and possible multiple spectral lines that may be invisible in the top row auto-scaled spectra. The labels in the header of each spectra are the entry number in Table 1 and the J2000 position of the brightest peak. Figure 7 . Example 44 GHz CH 3 OH maser spectral profiles continued...
